Abstract -Line scales are used throughout industry for a variety of applications. The most common is the stage micrometer, a small, graduated glass scale for the calibration of optical instruments such as microscopes. However, stage micrometers are generally not calibrated, except for critical applications, due to time and cost of optical calibration techniques. A method for calibrating line scales is presented which uses electrical test structure metrology. A description of the technique as well as examples of results from this technique are presented.
Presently, line scales are calibrated either by an optical comparator (for low accuracy) or by laser interferometry (for high accuracy). For a typical l-mm scale, the spacing of the major subdivisions (100 pm nominal) are measured as well as the spacings of a single group of minor subdivisions (10 pm nominal). This calibration procedure is time consuming and, consequently, expensive. A simple, low-cost, electrical test srruczure-based calibration procedure for these line scales is described in this paper. Results of this calibration are compared with high-accuracy , laser-interferometry based calculations.
CALIBRATION PROCEDURE

Test Structure
The technique described in this paper is based on the modified voltagedividing potentiometer [1,2] test structure, an enhancement of a test structure for determining the spacings of parallel features [3, 4] developed for use in V U 1 lithography process characterization.
A l-mm stage micrometer, designated as MST20 and with spacings as described above, was designed with the additional features required to allow for its calibration as a voltagedividing potentiometer test structure. The entire test structure is shown in Figure 1 and is approximately 3 mm (width) by 1 mm (height). The active area is shown enlarged in Figure 2 and is comprised of the a) The horizontal feature is referred to as the bridge. The perpendicular features centered above the horizontal line make up the " 2 0 stage micrometer. b) The additional features below the bridge are voltage taps. Those at each end of the line scale (labeled "reference features" in Figure 2 ) are required for the electrical measurements. c) The design includes two van der Pauw crosses [5] is a 1-D metrology instrument employing an ultrahigh resolution optical scanner for locating line centers combined with ultra-high accuracy hetrodyne laser interferometry for measuring artifact displacement under the optical scanner. The frequency of the laser used for the interferometer is calibrated against an iodine-stabilized helium-neon laser as a frequency standard. Wavelength of the light is then computed from the calibrated frequency and careful monitoring of the index of refraction along the light paths. [7] Each length value is the mean of eight measurements and the expanded uncertainty of each value is
where expansion of the quartz substrate (0.5 x lOb/OC). The measurements reported by the Line Scale Interferometer are all referenced to the 0.0-mm line. Using the technique described above, this system is capable of routinely providing feature placement measurements with U 4 10 nm.
Modified Voltage-Dividing Potentiometer Test Structure The NIST20 stage micrometer was also calibrated using a commercial parametric test system measuring the built-in modified voltage-dividing potentiometer test structures. To achieve the quality of results described in this paper, the commercial parametric test system was chosen to have the following key features: a) A low-noise switching matrix, and b) current source and microvoltmeter.
High accuracy (i.e., calibrated traceable to NIST)
The modified voltage-dividing potentiometer[ 81 provides improved performance when compared to previous electrical techniques by two enhancements: the systematic error in the effective electrical length of the bridge due to the presence of voltage taps is measured and eliminated, and the taps that make up the potentiometer are placed closely to increase sensitivity (note that in the current design the taps are spaced closely only for the features on 10-pm centers; as is Seen in the data below, there is a substantially reduced sensitivity in the electrical measurement of the features on 100-pm centers). Figure 3 shows the fundamental features of the modified voltage-dividing potentiometer required for calculating 6L, the effective lineshortening for a single voltage tap, and x, the offset of the central tap relative to the midpoint between the end taps. The offset x is given by where ui is the standard uncertainty arising from random effects and uj is the standard uncertainty arising from systematic effects in the measurement process. The coverage factor k = 2 was used which gives for each measured value a level of confidence of approximately 95 percent. Measurements were made from line center to line center using a 0.08-mm-long segment of each line midway between the graduation line tips and the horizontal base line. All lengths are reported at a temperature of 20°C (68 OF). During the measurement, the temperature was held at 20 f 0.01 "C, and the length was normalized to 20 "C using the coefficient of linear thermal 
POTENTIOMETER. AND VOLTAGE(S) MEASURED AS SHOWN.
SEGMENTS ARE USED TO CALCULATE AL. where V,, V,, and L are defined as shown in Figure 3 and 6L
FEATURES OF THE MODIFIED VOLTAGE-DIVIDING
is given by where V,, V,, and Ll are defined as shown in Figure 3 and A is the number of "dummy taps" in the center bridge segment shown in Figure 3 . However, the design shown in Figure 2 is clearly not as simple as that shown in Figure 3 . 4 + Rr Equation (7) shows that x is a function of a reference lengths L, and L, as well as the measured resistances. For the measurements reported below, two reference lengths were used. For the ten 0.01-mm subdivisions measured, the reference length was the separation between the 0.0-and 0.1-mm features. For the ten 0.1" subdivisions measured, the reference length was the end-to-end spacing of the entire length of the stage micrometer; thus, this reference length was not measured electrically.
The primary sources of uncertainty in the electrical measurement are due to the source and measurement instruments. It is largest for the longer spacings due to the higher resistances of these segments. Secondary sources of uncertainty in the electrical measurement include the primary length reference, nonuniformities in the bridge, variations in 6L, and linear expansion of the sample. During electric testing, the temperature was 23 f 3 "C.
RESULTS
The feature spacings of the NIST20 stage micrometer were measured with the Line Scale Interferometer and the sheet resistance and feature spacings were subsequently measured electrically.
The sheet resistance of the material was approximately 18.9 a/[7 and was uniform within the sample. Table 1 cornpares the y r e m e n t s of the line spacings of the NISlZO stage micrometer U measured by both the Line Scale
Interferometer and the parametric test system. The measurements made by the Line Scale Interferometer show that the lines were placed extremely close to their design values; the differences are typically less than or equal to the total measurement uncertainty. This result is also seen in the measurements by the modified voltagedividing potentiometer for the closely spaced taps. However, as expected, the modified voltagedividing potentiometer loses sensitivity as the length increases. This is reflected in the total measurement uncertainties (k = 2) which were 0.043 pm for the 0.01-mmspaced features and 0.339 pm for the 0.1-mm-spaced features. This ratio of the uncertainties also holds when comparing the dtgemnces of the results of the two techniques: the standard deviation of the differences (la) are 0.009 pm and 0.092 pm for the 0.01-and the 0.1-mm-spaced features, respectively.
It is likely that an enhanced design would reduce the measured differences between the Line Scale Interferometer and the electrical metrology. A simple enhancement would be to provide a somewhat lower line resistance by using a lower resistivity material or a wider bridge to reduce the overall uncertainty in the measurements of the longer segments.
However, if the segments bad too low a resistance, increased uncertainty in the measurement of the placements of the 0.01-mm-spaced features would be experienced. To further reduce overall uncertainty in the electrical measurement, the primary reference length(s) could be calibrated by a system such as the Line Scale Interferometer and the measurement performed under tighter temperature control.
CONCLUSIONS
The modified voltage-dividing potentiometer test structure allows for a quick and inexpensive calibration of lines scales compared with conventional techniques. While the accuracy provided by calibration systems in national standards laboratories exceeds that provided by electrical test structure the requirements of most applications. Thus, the enhanced voltagedividing potentiometer technique would be ideal for providing calibrated artifacts for the general user who has less demanding accuracy needs and currently has no easy access to calibrated artifacts. 
